Due to their osteogenic germination potential, periosteum-derived osteoprogenitor cells are a potential source for tissue engineering a bone graft that could be used to regenerate skeletal defects. In this study we evaluated if ectopic bone formation could be induced by a construct made of human periosteal cells and a novel scaffold architecture whose mechanical properties are in the range of cancellous bone. Biopsies from human calvarial periosteum were harvested and cells were isolated from the inner cambial layer. Fifty thousand periosteal cells were seeded into the scaffolds measuring 6 × 6 × 2 mm. The cell-scaffold constructs were cultured for a period of 3 weeks prior to implantation into balb C nude mice. Mice were sacrificed and implants were analyzed 6 and 17 weeks postoperatively. Immunohistochemical analysis confirmed the osteoblastic phenotype of the seeded cells. Formation of focal adhesions and stress fibers could be observed in both scaffold architectures. Three-dimensional cell proliferation was observed after 2 weeks of culturing with centripetal growth pattern inside the pore network. The deposition of calcified extracellular matrix was observed after 3 weeks of culturing. In vivo, endochondral bone formation with osteoid production was detectable via von Kossa and Osteocalcin staining after 6 and 17 weeks. Histology and SEM revealed that the entire scaffold/bone grafts were penetrated by a vascular network. This study showed the potential of bone tissue engineering by using human periosteal cells in combination with a novel scaffold technology.
INTRODUCTION
ered, while working with bone grafts, that transplanted periosteum could induce new bone formation. Tonna and Cronkite (36) demonstrated in 1961 the capability Hard tissue generation via tissue engineering strategies is one of the most promising techniques in the area of osteoblast-like cells derived from the periosteum to revert to the osteoprogenitor stage and continue to di-of bone grafting because it would eliminate problems of donor site scarcity, immune rejection, and pathogen vide. In the 1990s periosteal cells have been extensively used in bone tissue engineering (4, 17, 24, 28, 32, 33, 38) . transfer (44) . Almost all tissue engineering concepts require the use of some form of porous scaffold, which These concepts aim at mimicking the clinical success of bone autografts by isolating osteoprogenitor cells from serves as a template for cell attachment as well as proliferation and ultimately tissue formation. Osteoblasts, peri-the patient's periosteum and seeding a sufficient quantity of cells into bioresorbable scaffolds. The highly po-osteal cells, and bone marrow-derived stem cells (BMSCs) in combination with different scaffold types have been rous matrices support the induction of bone regeneration by providing a three-dimensional template that facili-applied in bone tissue engineering. The cell source and type is an important aspect in bone tissue engineering, tates progenitor cell migration, proliferation, and differentiation as well as graft vascularization (35) . In this and the state of the art, especially in the area of BMSCs, has been surveyed by a number of excellent review arti-way, a host tissue/scaffold/cell environment might be created that allows reproducing the intrinsic properties cles (2,5, 25, 30, 37) .
In his "Sur le development et la crue des os des anim-of autogenous bone, which include the ability to be incorporated into the surrounding host bone and to part of aux" published in 1742, Duhamel studied the osteogenic potential of periosteum (8). Ollier (26) later on discov-the normal bone remodeling processes. 126 SCHANTZ ET AL.
Ideally, a scaffold for bone tissue engineering appli-each with lay-down patterns of 0/60/120°and 0/72/144/ 36/108°and a porosity of 65% measuring 6 × 6 × 2 mm cations should have the following characteristics: (i) highly porous with interconnected pore network for cell were fabricated. One day prior to cell seeding, the 3D scaffolds were sterilized in 70% ethanol overnight. The growth and flow transport of nutrients and metabolic waste, (ii) biocompatible and bioresorbable with control-ethanol was removed by centrifuging three times in changes of phosphate-buffered saline (PBS) for 15 min lable degradation and resorption rate to match tissue replacement, (iii) suitable surface chemistry for cell attach-at 1000 rpm. Then the scaffolds were transferred for 24 h into an incubator at 37°C for drying. ment, proliferation, and differentiation, (iv) mechanical properties to match those of the tissues at the site of Cell Culture and Seeding implantation for a sufficient period of time, (v) be repro-Primary human osteoprogenitor cells were isolated ducible processed into a variety of shapes and sizes, (vi) from a periosteal sheet (3 × 3 cm), which was stripped should allow to design and fabricate defect-specific maoff under sterile conditions from the underlying parietal trices by using computer tomography, computational calvarium of a patient undergoing routine craniofacial modeling, and solid free form fabrication (10, 13) .
surgery. Extreme care was taken when separating the Many different processing techniques have been decambial layer from the overlying fibrous tissue. The tisveloped to design and fabricate three-dimensional (3D) sue sample was then transferred into sterile Ringer soscaffolds for hard tissue generation (1,35). These conlution and manually minced into 1 × 1-mm sections. ventional techniques include fiber bonding, solvent cast-Monolayer cell culture flasks were filled with 3-5 small ing, particulate leaching, membrane lamination, melt pieces and Dulbecco's modified Eagle medium (Gibco, molding, temperature-induced phase separation (TIPS), Grand Island, NY, USA) with 10% fetal bovine serum, and gas foaming. However, each of these techniques has 1% penicillin, and 1% streptomycin and 1% amphoteredrawbacks. For example, several research groups have cin (Gibco) was used. The flasks were then placed in a observed a limit to osseous tissue ingrowth and mineralself-sterilizable incubator (WTB Binder, Tuttlingen, ization if foam-like and textile matrices are used (15,16, Germany) at 37°C in 5% CO 2 , 95% air, and 99% relative 28,32). Hutmacher (13) reviewed the current bone tissue humidity. Explants were monitored for outgrowth once engineering literature from a scaffold point of view and a day and fresh medium was added every third day. concluded that new concepts and technologies are re-After confluent monolayers were achieved by the quired to design and fabricate scaffolds with complex fourth passage, the cells were enzymatically lifted from microarchitectures and macroscopic shapes, which might the flask using 0.25% trypsin/EDTA (Hyclone, UT, USA) be able to more adequately mimic the physical properand counted using a hemocytometer. The cells had morties of bone. Such matrices would allow generating tality less than 5% as shown by trypan blue staining and highly vascularized and mineralized hard tissue strucmaintained a stable metabolism. Twenty PCL scaffolds tures of larger quantity and better quality.
with lay-down patterns of 0/60/120°and 0/72/144/36/ Recently, rapid prototyping technologies have emerged 108°and a porosity of 65% were seeded with 50,000 to manufacture scaffolds that might be highly suitable cells/15 µl culture medium. Subsequently, the seeded for bone tissue engineering (10, 12, 22, 27, 31) . Researchscaffolds were placed into 24-well plates and maintained ers in our laboratory showed that novel PCL scaffolds in an incubator to allow the cells to build adhesion can be designed and fabricated by fused deposition modplaques on the polymer surface. After 2 h, 1 ml of osteoeling. The matrices have a fully interconnected honeyblastic medium (containing 50 mycr/ml ascorbic acid 2 comb-like pore architecture that revealed mechanical phosphate and 10 nM dexamethasone) was added into properties that were in the range of cancellous bone. A each well. Cell-scaffold constructs were then cultured number of cell culture studies showed that such PCL for a period of 3 weeks. templates support the adhesion, proliferation, and differentiation of osteoblast-like cells and allowed the forma-Phase Contrast Light, Scanning Electron, tion of mineralized extracellular matrix throughout the and Confocal Laser Microscopy entire scaffold architecture (12, 14) . The objective of this study was to evaluate bone formation and vasculariza-Adhesion, proliferation, and distribution of the cells were studied by phase-contrast light microscopy (IX70 tion of an in vitro tissue-engineered PCL scaffold-cell construct in a nude mice model. Olympus, Japan). In addition, the establishment of the cell phenotype, intercellular connections, and extracellu-MATERIALS AND METHODS lar matrix production were examined on a routine base.
Scaffold Design and Fabrication
Cell morphology and the surface conditions of the bioresorbable scaffolds were studied via scanning electron Polycaprolactone scaffolds were fabricated by FDM as described by Hutmacher et al. (14) . PCL scaffolds microscopy (SEM). Specimens were fixed in 2.5% glut-eraldehyde (Merck, Germany) for 2 h at 4°C. They were taining medium and scaffold for the 3-angled and 5angled scaffolds, and medium only for the TCPS control then dehydrated in a graded ethanol series of 30%, 50%, 90%, and 100% for 5 min at each grade, dried, and ex-cultures. Corrected absorbance was obtained by subtracting the average 490 nm absorbance from the "no amined with a Jeol JSM-5800LV SEM at 15 kV.
Cell-scaffold constructs were prepared for confocal cell" control wells. laser microscopy (CLM) by staining viable cells green Alkaline Phosphatase Assay with the fluorescent dye Fluorescein Diacetate (FDA, Alkaline phosphatase activity of osteoblast-like cell Molecular Probes Inc., Oregon). The 3D cultures were culture study was measured by using a standard assay incubated at 37°C with 2 µg/ml FDA in PBS for 15 min.
method. Supernatant was drawn after different time After rinsing twice in PBS, each sample was then placed points. Aliquots of 50 µl were incubated with 450 µl of in 0.1 mg/ml propidium iodide solution (PI, Molecular a 1 M diethanolamine-hydrochloric acid and 0.2% p-Probes) for 2 min at room temperature to stain dead cells nitrophenyl phosphate (Product No. 104-0, Sigma) solured. The samples were then rinsed twice in PBS and tion for 30 min at 37°C. The reaction was stopped by viewed under a Confocal Laser Microscope (Olympus adding 500 µl of a 2 M NaOH and 0.2 M EDTA solu-IX70-HLSH100 Fluoview). Depth projection images of tion. The production of p-nitrophenol was measured by approximately 125 µm were constructed from up to 25 monitoring absorbance at 405 nm using a plate reader horizontal image sections through the scaffold-cell con-(Microplate reader, Anthos). The mean of six readings structs.
was taken for each time point, and cells grown on TCPS Cell Morphology and Adhesion were used as a positive control. Samples were first fixed in 3.7% formaldehyde at Osteocalcin Assay room temperature for 30 min. After rinsing two times with PBS at 5 min each time, 200 µg/ml RNAse A was
The supernatant from scaffold-cell constructs of both groups was collected at weeks 1 to 3 and immediately added and left for 30 min at room temperature. Phalloidin (A12379 Alexa Fluo 488 phalloidin, Molecular Probes frozen at −80°C. Prior to analysis, 10 µl of each sample was brought to room temperature and dissolved in 1 ml Inc.) was then added in a 1:200 dilution for 45 min at room temperature and in darkness. Samples were subse-assay buffer. The quantity of human osteocalcin was determined using an ELISA assay (DSL-10-7600 Active quently counterstained with 5 µg/ml PI solution, dried, and mounted for viewing under fluorescence microscope Human Osteocalcin ELISA Kit). All tests were performed in quadruplicate. (IX70 Olympus, Japan).
Metabolic Activity Assay Surgical Procedure
The animals were housed in the Animal Holding Fa-Cell metabolization and proliferation were studied using an MTS assay (CellTiter 96TM Aqueous One Solu-cility, Department of Experimental Surgery, National University Hospital, for the entire duration of the experi-tion Cell Proliferation Assay, Promega Corp., USA). The MTS tetrazolium compound (Owen's reagent) is ment. Housing and feeding were done according to standard animal care protocols. The studies had been ap-bio-reduced by cells into a colored formazan product that is soluble in tissue culture medium. This conversion proved by the Animal Welfare Committee of the National University of Singapore and had been licensed by the is presumably accomplished by the NADPH or NADH produced by dehydrogenase enzymes in metabolically National Institute of Health's Guide for Care and Use of Laboratory Animals. active cells. After different time points, PCL scaffolds and 2D tissue culture polystyrene (TCPS) control cul-Implantation of experimental (six cultured scaffold constructs of each group of the in vitro experiment) and tures were assayed. The medium was removed from the wells and 500 µl of FBS-free culture medium added.
control (four noncultured scaffolds of each group) specimen was performed under sterile conditions in a laminar The MTS reagent (0.1 ml) was then added (100 µl/well), and the plates were incubated for 3 h (37°C, 5% CO 2 ). flow hood. Twenty male 6-8-week-old athymic Balb C nude mice, weighing 20-22 g each, were used for the The samples were then vortexed with a pipette to ensure a homogenous mixture, and five 100-µl aliquots of each in vivo study. The mice were anesthetized with 0.15 ml of an anesthetizing cocktail (Dormicum in combination sample were pipetted into a 96-well culture plate. Cell metabolization and growth were determined by measur-with Hypnorm, 1:1) IP before the operation. The backs of the mice were prepared with iodine and ing the absorbance at 490 nm in a plate reader (Microplate reader, Anthos, USA), and the mean of the five 70% alcohol and the animals were placed in a prone position on the table. An approximately 10-mm-long in-readings was calculated for each time point. Background absorbance was corrected by assaying control wells con-cision, slightly to the left of the spine, was made and widened with a pair of iris scissors. A subcutaneous Warrington, PA) were used to obtain a calibration curve. pocket was created into which the implants were in-Statistical Analysis serted (left and right side). Animals were sacrificed 6
The data from the MTS cell proliferation assay, ALP, and 17 weeks postimplantation.
and osteocalcin test are presented as means ± SD. The Histology and Immunohistochemistry statistical significance between the two groups was evaluated by the Student's paired t-test. One half of each of the explanted specimens was fixed in Schaffers solution and embedded in PMMA RESULTS (Technovit 9100 Heraeus-Kulzer Wehrheim, Germany).
In Vitro Study Sections (5 µm thick) were cut using a microtome (Leica RM 2165, Germany) and mounted on poly-L-Microscopically, it was observed that the cells had lysine (Sigma, NJ)-coated slides. Sections were deplastiproliferated and spread on the PCL bars and cross secfied using 2-methoxyethyl-acetate (Merck, Germany) tions, presenting a star-shaped morphology from days 1 and a decreasing ethanol series. Additional cryosections to 5. Cells filled pores of the PCL specimens of both from fresh tissue samples were also performed. Both groups by two different ways. Centripetal cellular intypes of slides were stained with von Kossa silver nigrowth was observed, with cells growing inward from a trate, Trichrome Goldner, and toluidine blue. circular rim of cells bridging adjacent PCL struts/bars, Immunohistochemistry with antibodies raised against observed as early as day 6. Cells first formed a crescent the human HLA I epitope was carried out on calcified monolayer at the PCL bars interconnections ( Fig. 1a ).
sections. Slides were incubated in humidified chambers
Multiple cell layers in combination with ECM formation for 1 h at 37°C with the primary antibodies. For identifycould be observed from days 7 to 15. Direct bridging ing and separation between mouse and human tissue, across the midline of scaffold pores was also seen. Howslides were incubated with monoclonal antibodies raised ever, this phenomenon was only revealed from day 15 against the human HLA 1 ABC epitope (Clone W 5/32 onwards and occurred less frequently than the first Mouse Anti-Human, Dako, Denmark). Nonspecific sites mechanism. By day 18, there was evidence of ECM forof the antibody were shut off with a peroxidase block. mation within the PCL scaffold architecture of each Primary antibodies were detected with a 3,3-diaminogroup. Mineralized extracellular matrix formation and benzidine substrate and a chromogen peroxidase system cell-to-cell contact via filopodia could be microscopi-(Dako EnVision+ System Peroxidase DAB). Countercally detected throughout the entire scaffold architecture staining was performed with Gills hematoxylin (Sigma (Fig. 1b ). Diagnostics, NY). Positive and negative controls were SEM was applied to study the cell and tissue morcarried out on murine osteoblasts (negative) and human phology as well as the cell-tissue PCL interface. Figure osteoblasts (positive) fixed cultures.
2a and b demonstrates osteoblast attachment on PCL Osteocalcin immunostaining was carried out to furstruts of both groups after 6 days in culture. Osteoblasts ther evaluate the tissue mineralization and calcification have formed a confluent monolayer with cell-cell conprocess. Monoclonal mouse anti-human/bovine osteonections, showing stellate osteoblast morphology and ficalcin antibody (Biodesign, Saco, ME, USA) was used lopodia. PCL scaffolds were covered with multiple cell in a dilution of 1:100. Slides were then incubated with layers and also demonstrated extracellular matrix formaa peroxidase-labeled polymer, which is connected with tion 6-15 days postseeding. The formation and mineralsecondary antibodies (Dako En Vision Peroxidase DAB, ization of nodules could be seen throughout the entire Hamburg, Germany). Then counterstaining with Gills scaffold architecture at days 15-18. Evidence of nodule hematoxylin was performed as described above.
formation was also seen in the SEM images on tissue layers bridging scaffold pores (data not shown).
Gas Permeation Chromatography
Comparing the micrographs obtained by phallodine staining (Fig. 3a) and SEM (Fig. 3b ) further revealed Triplicates from each PCL specimen were taken to measure the molecular weight to study in vivo degrada-the proliferation and colonization pattern of the osteoblast-like cells. The cells anchored strongly onto the tion. The polymer molecular weight distribution was determined by gel permeation chromatography equipped PCL surface via focal adhesion points. Actin-containing stress fibers bonded directly onto the polymer surface. with a differential refractor (Waters, Model 410, Milford, MA) and an absorbance detector refractor (Waters, In week 2, the cells appeared to span three-dimensionally across the pore structure preferably using the inter-Model 2690). The samples were dissolved in tetrahydrofuran (THF) and eluted in a series of configurations junctions of the columns and rods of the honeycomb scaffold architecture. through a Styragel columns refractor (Waters) at a flow rate of 1 ml min −1 . Polystyrene standards (Polysciences, A cell viability assay using a combination of FDA and PI labeling has been used in this study (Fig. 4a, b ). plasm thus emits green fluorescence under the confocal laser microscope. PI, on the other hand, is excluded by Upon addition of FDA, functional esterase enzymes in the cytoplasm of viable cells hydrolyze the nonpolar the plasma membranes of viable cells due to its cationic nature. A characteristic feature during the initial phase FDA, resulting in an accumulation of fluorescent, polar fuorescein in the cytoplasm. Due to its polarity, fluores-of apoptosis is the preservation of the structural integrity and most of the plasma membrane functions. PI thus cein is trapped within viable cells, and the entire cyto- penetrates only cells with damaged membranes (necrotic In the first week a denser cell network was qualitatively observed in the 3-angle architecture (Fig. 4a) whereas and late apoptotic cells) and forms a red complex with nuclear DNA. Confocal micrographs revealed a net-like at week 3 the 5-angle scaffolds (Fig. 4b) showed more cells and ECM. Both matrix architectures presented a proliferation pattern on the PCL columns and bars. low rate of apoptosis starting only at week 3. Similar limited and had the possibility of filling the entire interconnected matrix architecture. ECM formation was ob-proliferation and growth pattern could be observed for the 3-and 5-angle scaffold morphology. Cells continued served in the confocal laser microscopy, with thick confluent interconnecting multilayers of osteoblasts observed to proliferate after colonizing the scaffold surface in a three-dimensional manner because they were not space on PCL struts by day 18 within both scaffold groups. Based on the confocal laser microscopy, a significant PCL samples demonstrated high levels of ALP activity (Fig. 5 ), which was comparable to cells cultured on 24-difference of the proliferation patterns of the two different scaffold architectures could not be observed.
well tissue culture plates (TCPS). There was no significant difference (p < 0.05) in enzyme activity between In summary, qualitative image analysis revealed no significant difference between the two different scaffold cells cultured on 3-angled and 5-angled scaffolds (Fig.  7) . Osteocalcin production ( Fig. 5 ) in the supernatant architectures. In both scaffold morphologies periosteal cells attached and proliferated in monolayers in the ini-showed no significant difference (p < 0.05) for both groups. The basal osteocalcin synthesis on the periosteal-tial phase. Sequentially multiple cell layers were formed and ECM formation began at junctions of PCL struts cell seeded constructs ranged from 1.5 to 3.8 ng/ml. and bars, and proceeded by filling up the honeycomb In Vivo Study: Macroscopic Appearance pores by centripetal growth patterns within a period of 21 days.
All the mice tolerated the surgical procedures and implantation without any postoperative inflammation, for-Quantitative analysis was performed by a MTS assay and measuring the ALP activity of the supernatant. MTS eign body reaction, or impaired wound healing. At 6 and 17 weeks after implantation, homogenous PCL scaf-assay ( Fig. 5 ) revealed that metabolic activity of the attached and proliferated cells increased approximately fold-tissue blocks could be seen on the back of the nude mice. Two areas of increased firmness could be touched ninefold between days 3 and 21. Osteoblasts seeded on 3-angled PCL scaffolds had higher MTS values in the on the mice skin. Tissue-engineered constructs of both lay-down patterns (0/60/120°and 0/72/144/36/108°) could first 2 weeks, leveling off after day 18. There was a significant difference between 3-angled and 5-angled be excised at the time of harvesting. Upon gross examination the implants appeared well PCL scaffolds (p < 0.05) in the first 18 days of culture. Cells seeded on 5-angled PCL scaffolds demonstrated integrated into the surrounding host tissue. There was no change in size of all implants to the original dimen-an initial slower metabolization rate; however, by day 21 comparable cell activity was achieved. sion of the PCL scaffold. The subjective consistency of the fresh explanted specimen was evaluated by probing Alkaline phosphatase activity was measured in the supernatant of all specimen constructs every third day.
with a pair of forceps. The samples of the osteoblast seeded groups demonstrated a certain hardness and ri-bars/struts at the bottom side of the scaffold-tissue construct were clearly visible for the nonseeded specimens gidity whereas control specimens (nonseeded and cultured) exhibited softer indentation under compression whereas the seeded samples were covered with a firm tissue structure. after 6 and 17 weeks of implantation.
Macroscopically, angiogenesis (Fig. 6a ) could be ob-Histological assessment showed mineralization of the matrix and a regular osteoid formation around the osteo-served with many vessels infiltrating the osteoblast seeded and nonseeded specimens with both lay-down blastic cells. Mineralized matrix was found around cuboideal-shaped osteoblasts, which formed clusters of patterns. This was also confirmed by SEM analysis (Fig.  6b) . From a macroscopic point of view a fibrous tissue 3-5 cells (Fig. 7a ). Vascular sinusoids could be detected at numerous locations (Fig. 7b ) throughout the entire capsule or fibrotic reaction could not be detected for any of the specimens. A highly vascularized connective tis-scaffold architecture of both groups. An ingrowth from surrounding fibrous tissue could be observed, although sue layer of the nude mice skin was always firmly attached to the top of the scaffold (Fig. 6a ). The PCL there was no granular encapsulating tissue, usually indi- . The first stage of the degradation process of PCL involves nonenzymatic, random, hydrolytic ester cleavage and its duration is determined by the initial molecular weight of the polymer as well as its chemical structure. The second phase is characterized by the onset of weight loss. GPC was employed to assess the molecular weight distribution as function of the degradation kinetics. Perhaps the best representation of the change in molecular weight is visible in the polydispersity index (PI). The PCL scaffold with both lay-down patterns did not show significant changes after 3 weeks of culturing and 6 weeks of implantation. In contrast, the molecular weight of the 17-week specimen revealed a decrease of about 20% and the polydispersity showed a change of 40%. High PI corresponds to a conglomerate of chains spanning a wide range of molecular weights. The PCL scaffolds initially had a low PI value and during implantation of 17 weeks the longer molecular chains were cut by hydrolysis into small fragments of wide ranges, which resulted in an increased PI.
cating a strong foreign body reaction. There was no sig-tion with textiles (4,23,29,34,36,39) as well as foams (15,17) made of PGA and PGA/PLA. The tissue engi-nificant difference of tissue formation detectable between 3-angle and 5-angle scaffolds. In the control groups neers could show that transplantation of osteoprogenitor cells in combination with a bioresorbable scaffold is an where unseeded scaffolds were implanted only fibrous tissue infiltration could be observed (histology not shown, encouraging approach to further enhance the process of bone regeneration. Primary human periosteal cells immunohistochemistry see Fig. 10 ).
Cryosections showed that there was homogenous seeded and cultured on PCL scaffolds, which have been shown by immunohistochemistry to maintain their os-bone formation within the entire scaffold architecture with no abundant bone in the surrounding soft tissue teogenic potential in cell culture for up to 21 days, have been used in the study presented in this article. From areas. Histological characterization showed that organized lamellae areas were found besides immature wo-the MTS assay it was evident that the cells continually proliferated in both scaffold groups over a period of 3 ven sites. This suggests that mature lamella bone slowly replaced the immature woven areas via a remodeling weeks. The qualitative results from the light, confocal laser, and scanning electron microscopy seemed to fur-process ( Fig. 8a, b) . After 17 weeks, upon gross examination, constructs appeared well integrated in the sur-ther support these observations. By implanting the tissue-engineered grafts in ex-rounding soft tissue and invasion of capillaries was present throughout the entire honeycomb scaffold architecture.
tra-osseous sites it was shown by immunostaining that osteogenesis was induced by the transplanted scaffold-A thin tissue encapsulation with a nonprominent foreign body reaction was detectable.
tissue construct, in combination with the vascular network of the nude mice. Tissue-engineered constructs Examination of the histological results showed lamellae bone formation with scattered islands of cuboideal-have to match the intrinsic properties of autogenous bone grafts to demonstrate clinical feasibility. Hence, in shaped osteoblasts within the 3-and 5-angle scaffold architecture. The von Kossa staining revealed that por-vivo mineralization of tissue grown in vitro is a condition sine qua non. Mineralized matrix deposition and tions of these clusters had been mineralized with mineral deposits characteristically located at the conical cap calcification of tissue as well as osteoid formation could be observed in the explanted constructs. There was bone ( Fig. 9a, b) . The appearance of these cellular condensation units is similar to those seen in enchondral ossifica-formation within the whole PCL scaffold with no superfluous bone in the surrounding soft tissue areas, indicat-tion or secondary bone healing via callus formation. The HLA immunostaining (Fig. 10a, b ) revealed a great ing that de novo tissue formation takes part only in the provided matrix structures and that no uncontrolled tu-amount of HLA I-positive human cells, which played a major role in the bone formation process. However, it mor-like growth occurred. Histologically, there was no detectable immunore-has to be stressed that in the nude mice model the vascularization is coming from murine cells, which migrate sponse, which was concordant with the macroscopic findings where good tissue integration was observed from the surrounding tissue into the scaffold-cell constructs. The entire scaffold architecture was intact 17 without any thick fibrous capsule formation and/or inflammation. The anti-human HLA class I antibody was weeks postimplantation and, therefore, the new tissue did fill out the entire pore volume of 65%. Comparing used first in the area of bone tissue engineering by Prabhakar et al. (32) to analyze the bone formation of human the 6-week results to the 17-week findings indicates that there was no increase of bone formation regardless of bone marrow-derived cells that were injected into the back of nude mice. We followed their protocol and it implantation time. The two different scaffold architectures gave similar results at both time points. Analysis of was shown that mineralized tissue was formed by the transplanted periosteal cell inside the PCL scaffold. His-the unseeded control specimens showed homogeneous fibrous tissue formation of mouse origin in the implants tological characterization of the newly formed bone revealed that organized lamination areas were found adja-with 3-angle and 5-angle lay-down patterns (Fig. 10a) .
The results of the GPC analysis are shown in Figure  cent to immature woven sites, which might suggest that lamella bone slowly replaces the immature woven areas 11. The PCL scaffold with both lay-down patterns did not show a significant change in the molecular weight during the remodeling process inside the PCL scaffold. This is in accordance with Yoshikawa et al. (43) , who distribution after 3 weeks of culturing and 6 weeks of implantation. In contrast, the molecular weight of the demonstrated in a long-term in vivo study that bone showed consistent lamella bone remodeling 50 weeks 17-week specimen revealed a decrease of about 20% and the polydispersity showed a change of 40%.
after ectopical implantation. The volume, density, and size of the pores and inter-DISCUSSION connections are important factors for bone ingrowth into porous matrix systems. The effects of pore size on Several groups have tissue engineered bone in different animal models by using periosteal cells in combina-bone ingrowth have been widely studied on ceramic scaffolds with a porosity ranging from 50% to 70% culture media followed by 17 weeks of in vivo exposure. Hence, the PCL scaffold was able to maintain its struc- (7, 9, (18) (19) (20) 42, 43) . The studies of the groups discussed here conclude that mineralized bone formation in vivo tural properties for a sufficient period of time for tissue engineering bone in a nude mice model. It is reported in was highest in matrix systems with a pore size of 300-600 µm.
the literature that medical and drug delivery devices made of PCL start degrading after 4-6 months and are These results led tissue engineers to study the effects of pore size and porosity on cell proliferation and in completely metabolized by the body after 18-24 months (3,6,30,40). Therefore, as a next step towards a clinical vitro as well as in vivo tissue formation on seeded scaffolds (41) . Based on the results of the studies on two-application, the tissue response of the host as well as the properties of the tissue-engineered bone inside the novel dimensional matrices, three-dimensional scaffolds for tissue engineering have been fabricated by using poly-PCL scaffold has to be studied in an immunocompetent animal model over a period of up to 2 years. Such stud-(lactide-co-glycolide) copolymers and solvent casting in combination with particulate leaching (15, 21, 22) . Rat ies are currently performed in our laboratory. bone marrow cells grown on these structures produced only a superficial mineralized layer on the outer scaffold REFERENCES surface (11, 15, 16) . Although these scaffolds demon- change significantly after being exposed 3 weeks in cell
